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Abstract 
Magnetic data measured on (Nd0.33Eu0.33Gd0.33)Ba2Cu3Oy with 35 mol% of Gd-211 (70 nm size), 1 wt% Ag, and 0.1 
mol% of TiO2, Nb2O5, and MoO3 (all 10 nm grain size) were analyzed. These composites exhibited very high critical 
current density, qualifying them to be the best candidates for use as bulk superconducting magnets. The data were 
analyzed on the basis of the phenomenological model of two additive contributions from “large” particles and point-
like defects. The model enables a quantitative evaluation of both pinning categories as to their pinning efficiency 
under various conditions. The pinning force was analyzed in terms of both this model and the Kramer’s scheme.  
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1. Introduction 
Due to mutual LRE/Ba substitution the LRE-123 materials (LRE=light rare earth Nd, Sm, Eu, Gd) 
exhibit significantly better electromagnetic properties than YBCO [1]. Development of melt-texturing 
technique enabled preparation of nearly perfect single-grain bulks [2]. An excessive formation of LRE/Ba 
substitutions, causing degradation of the superconductor, was avoided by melt-texturing in a reduced 
oxygen atmosphere [3]. Mixing several LRE ions in one 123 compound brought a new degree of freedom 
into the material design [4]. Another direction was gradual reduction of the “large” defects size (large in 
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comparison with the vortex core size) from micrometers up to a few nanometers. First, Gd-211 normal 
particles were diminished by ball milling to different submicron sizes [5]. The decisive role of Zr 
contamination of the milled secondary phase by ZrO2 from the milling balls was identified. The 
(Nd,Eu,Gd)-123 (NEG-123) compound doped by the ball milled Gd-211 was the first capable of levitation 
at liquid oxygen boiling point (90.2 K). Then nanoparticles of other refractory metal oxides have been 
tested [6,7]. All the melt-textured NEG-123 composites doped by TiO2, MoO3, and Nb2O5 nanoparticles 
qualified themselves as materials appropriate for fabrication of the superconducting magnets suitable for 
levitation applications up to 90 K. In this paper we analyze the exceptional electromagnetic properties of 
these materials in terms of the model of two additive pinning contributions [8].  
2. Experimental details  
      The melt-textured pellets were fabricated from high-purity commercial powders (5N) of Nd2O3, 
Eu2O3, Gd2O3, BaCO3, and CuO, which were thoroughly ground and calcined at 880 oC for 24 h with 
intermediate grinding. The sintering was carried out at 915 oC for 15 h. This process was repeated three 
times under the controlled oxygen partial pressure of 0.1% O2. Then the optimum concentration (0.1 
mol%) [6,7] of one of the nanoscale (10 nm) commercial Nb2O5 or MoO3 powders was added and 
thoroughly mixed with the calcined powders, together with 35 mol% of the ball-milled Gd-211 (70 nm 
grain size). Afterwards, the compound was pressed into a pellet of 20 mm diameter and 10 mm thickness 
and consolidated by cold isostatic pressing by 2000 kg/cm2. With help of MgO (100) crystal seed placed 
at the center of the top surface, each pellet was OCMG processed in 0.1% pO2 atmosphere. Afterwards, 
the pellets were heated in oxygen to 600 oC at 300 oC/h, held there for 1 h and cooled to 500 ƕC at 8 oC/h, 
then further cooled to 400 oC at 4 oC/h, and finally to 300 oC at 2 oC/h, held there for 150 h and  
subsequently furnace-cooled to room temperature. The oxygen flow rate was 300 ml/min. For magnetic 
measurements, small flat specimens of a few millimeter dimensions were cut from the pellets. 
Magnetization hysteresis loops (MHLs) were measured by means of a MPMS7 SQUID magnetometer in 
fields í2 to +7 T, oriented along c-axis, in the temperature range of 65–90 K. The critical current density 
Jc was estimated from the extended Bean critical state model for a rectangular sample, 
Jc=2'MV[a(1ía3b)], where bta, 'M is the height of hysteresis loop and V is the sample volume, V=abc.  
3. Experimental results and discussion 
      In Fig. 1 we present sets of magnetic hysteresis loops (MHLs) measured on the MoO3 and Nb2O5 
doped compounds at temperatures 65 to 90 K. Panels show very similar behavior: In both materials 
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Fig. 1. Magnetic hysteresis loops at a set of temperatures measured on NEG-123melt-textured samples doped by MoO3 (left) and 
Nb2O5 (right) nanoparticles. 
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a paramagnetic background due to paramagnetic LRE ions exists; The hysteresis is in both cases very 
strong, a significant irreversible magnetization appears up to 90 K; The MHL shape is a typical fishtail 
with well distinguished first and second peaks, especially at lower temperatures. At 65 K both peaks 
reach approximately same height. The electromagnetic behavior is best seen on Jc(B) curves (Figs. 2). 
The second peak decays with increasing temperature significantly faster than the central peak. It reflects 
the fact that the pins responsible for the second peak are much smaller than those participating in 
formation of the central one. The same can be said about the associated individual pinning force. 
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Fig. 2. Critical current densities calculated from magnetization data in Fig. 1 for NEG-123 melt-textured samples doped by MoO3 
(left) and Nb2O5 (right) nanoparticles. The temperatures are (from top downwards) 65, 68, 70, 73, 75, 77, 80, 82, 84, 86, 88, and 90 
K. Notable is the record level of MA/cm2 at 65 K for the Nb-doped sample. 
      The critical current densities shown in Figs. 2 were calculated from the MHLs in Figs. 1 using 
Mathematica program for determination of the exact (interpolated) magnetic moment value lying for the 
given magnetic field on the opposite MHL branch and for time correction associated with the data relative 
shift due to finite time constant of the measuring device. The solid lines connecting the data symbols in 
Figs. 2 are fits to the phenomenological formula [8] 
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where Jc1 and Jc2 are heights of the first and second peak, B0 is the magnetic field scale of the first peak 
decay [9],  Bmax is position of the second peak and n is constant associated with the pinning landscape 
related to the shape of the second peak. Temperature independent n indicates a temperature independent 
pinning distribution, if the effective pin distribution varies with temperature, n varies, too. Figs 3 (a, b) 
show, how the fit to function (1) works (dashed lines). In Fig. 3 (a) the fit is done of three Jc(B) 
experimental curves measured on the Mo-doped NEG-123 sample at 65, 70, and 77 K. Sum of the two 
contributions gives for each temperature the solid line fitting perfectly the experimental points. Fig. 3 (b) 
presents fits of the three representative dependencies of the Nb doped sample. The pinning efficiency is 
usually qualified by means of pinning force, F. Fig. 3 (c) shows the normalized F(B) curve of the Nb 
doped sample. The curves are normalized with respect to the F(B) peak position. The experimental data 
fall on a universal curve for temperatures 65-86 K, where the dependence, especially in its high field end, 
is governed by the second peak of the Jc(B). At 88 and 90 K the second peak is suppressed and the F(B) 
dependence is governed by the central peak. The deviation is clearly seen on the curve width. Taking the 
high end of the F(B) curves as the irreversibility field, Birr, we get Bmax/Birr|0.38 for 65-86 K and 
decreasing up to 0.2 for 90 K. For the Mo doped sample this behaviour is similar. Parameter n as a 
function of temperature is shown in Fig. 3 (d).  For both samples n is slightly increasing with temperature. 
For the Nb doped sample n is slightly higher than for the Mo doped one, indicating a higher position of 
the second peak with respect to irreversibility field, simply a stronger pinning by point-like defects. 
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Fig. 3. Fits of three representative Jc(B) experimental curves of the NEG-123 samples, (a) Mo- and (b) Nb- doped, by Eq. (1). (c) 
The normalized pinning force density of the Mo doped sample. (d) Temperature dependencies of the parameter n (left axis) and the 
parameters Jc1 and Jc2 (right axis). In both samples Jc2 (the second peak, triangles) decreases with temperature faster than Jc1 (rings). 
      In conclusion, the exceptional pinning properties of (Nd,Eu,Gd)-123 materials doped by nanoparticles 
of refractory metal oxides were analyzed and proved by means of the model of two additive pinning 
categories, point-like defects and mesoscopic particles. In the temperature range 65-90 K the 
effectiveness of mesoscopic defects dominates as indicated by the strong and with temperature slowly 
decreasing central peak. Importance of point-like defects rapidly increases with decreasing temperature. 
Effectiveness of the pin distribution slightly varies with temperature as indicated by variation of n. Its 
value, together with the both peak heights witnesses for superb pinning effect of the Nb2O5 nanoparticles.  
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